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Stem cell regulation
Germline cell formationA piwi homolog is required for the regulation of stem cells, formation and maintenance of germline stem
cells, and gametogenesis in many metazoans. Planarians can change their reproductive mode seasonally,
both asexually and sexually, and develop and maintain germ cells and sexual organs. They have many plurip-
otent stem cells (neoblasts) that can differentiate into both somatic and germline stem cells. Thus, we
searched for a piwi subfamily in the planarian Dugesia ryukyuensis. Four piwi homologs, identiﬁed as
Drpiwi-1, -2, -3, and -4, were expressed in sexually reproductive worms. We then selectively destroyed the
neoblasts by irradiating the worms with X-rays. In such worms, Drpiwi-1, -2, and -3 were not expressed at
all, whereas Drpiwi-4 was expressed to the same degree as that in non-irradiated controls, indicating that
Drpiwi-1, -2, and -3, but not Drpiwi-4, are expressed in neoblasts. During the regeneration process, Drpiwi-
2(RNAi) and -3(RNAi) worms failed to regenerate after ablation, but Drpiwi-1 and -4(RNAi) worms regener-
ated. During the sexualizing process, Drpiwi-1(RNAi) worms failed to develop ovaries and testes, but somatic
sexual organs were unaffected. Germ cell development was normal in Drpiwi-4(RNAi) worms. Therefore,
Drpiwi-2 and -3 may be related to the regulation of neoblasts important for maintaining homeostasis, and
Drpiwi-1 is essential for the development of germ cells but not somatic sexual organs. DrPiwi-1 is localized
in the cytoplasm of stem cells and germline cells and may be involved in regulating some gene expression.
We suggest that planarian Piwi controls germline formation via RNA silencing mechanisms.
Crown Copyright © 2011 Published by Elsevier Inc. All rights reserved.Introduction
Germ cells are specialized cells that transmit genetic information
from generation to generation during sexual reproduction and are to-
tipotent stem cells that can differentiate to any cell type. Germ cells
must form correctly to produce offspring and ensure the survival of
a species. Germline stem cells (GSCs) are essential for continuously
producing gametes and are present in diverse animals from Hydra
to insects and mammals (Lin, 1997, 1998). GSCs self-renew and pro-
duce gametes and are derived from primordial germ cells, germline
progenitors formed during early embryogenesis. Although GSC sys-
tems appear diverse among species, comparative analysis has identi-
ﬁed conserved mechanisms underlying GSC self-renewal and
differentiation (Wong et al., 2005). Among these, Piwi proteins are
expressed in germline cells, and play important roles in GSC regula-
tion in diverse organisms.
Argonaute (AGO)/Piwi family proteins are deﬁned by two major
protein domains, PAZ and PIWI. They have been evolutionarily+81 45 566 1448.
umoto).
esearch, Keio University, 35,
11 Published by Elsevier Inc. All righconserved in many species from yeasts to humans (Hutvagner and
Simard, 2008) and play central roles in small non-codingRNA-mediated
RNA silencing involved in epigenetic regulation and repression of trans-
posable elements (Girard and Hannon, 2008; Parker and Barford, 2006;
Peters and Meister, 2007). This family can be divided into the AGO and
Piwi subfamilies (Farazi et al., 2008); expression of AGO proteins is
ubiquitous, whereas Piwi proteins are predominantly present in
germline cells (Farazi et al., 2008; Williams and Rubin, 2002). Piwi
proteins are required for germline stem cell self-renewal, germline
development, and gametogenesis in diverse organisms (Thomson
and Lin, 2009).
The freshwater planarians Platyhelminthes belong to an early
group of organisms with deﬁned bilateral symmetry, dorsoventral
polarity, and a central nervous system (Sarnat and Netsky, 1985;
Von Salivini-plawen, 1978). They possess pluripotent stem cells as
neoblasts (Baguñà, 1981) that contribute to robust regenerative abil-
ity (Baguñà et al., 1989; Wolff and Dubois, 1948). Many planarians
have races with different modes of reproduction: exclusively asexual,
seasonally sexual, or exclusively sexual (Jenkins, 1967). Although
sexual planarians do not reproduce asexually or ﬁssion spontaneously,
they are able to regenerate all tissues, including germ cells and somatic
cells of the genital organs, after artiﬁcial amputation (Morgan, 1902;
Newmark et al., 2008). Therefore, neoblasts apparently give rise to
germline cells as well as to somatic cells, and planarians may havets reserved.
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they are maintained and differentiate, respectively.
The molecular mechanisms controlling germline development
and differentiation from neoblasts are poorly understood. Planarian
embryogenesis is difﬁcult to observe because it progresses in hard
and nontransparent cocoons, and inducing sexual switching consis-
tently under laboratory conditions is difﬁcult. The advantage of
studying planarians, however, is that the maintenance and differenti-
ation of neoblasts in the adult can be analyzed. Germ cell differentia-
tion has not been investigated actively compared with nervous
system and somatic cell differentiation during regeneration. We
have established an experimental bioassay system to induce sexual
switching, however. The OH strain of Dugesia ryukyuensis, which has
been maintained under laboratory conditions for more than
15 years through asexual reproduction without gonads, can be in-
duced to reproduce sexually by feeding the test organisms sexually
mature individuals of Bdellocephala brunnea, an exclusively oviparous
species (Kobayashi et al., 1999). During sexualization, the germ cells
and the somatic cells of the genital organs, such as the ovaries, testes,
genital pores, and yolk glands, are differentiated in an order and posi-
tions similar to those seen during the developmental process of sexu-
al individuals. The fully sexualized worms completely stop ﬁssion and
reproduce sexually, producing offspring through mating.
Planarians have important advantages as model organisms for
studies of stem cells and investigations of Piwi. The piwi genes of pla-
narians are expressed in stem cells and are required for stem cell reg-
ulation (Palakodeti et al., 2008; Reddien et al., 2005b; Rossi et al.,
2006). Therefore, planarian piwi tend to be equivalent to stem cell
genes, although it has not focused on the expression in germline
cells or their function in the formation of germline cells that differen-
tiated from the stem cells. We can, however, evaluate the processes
that differentiate germline cells from neoblasts and analyze Piwi
function in stem cell regulation and germ cell formation by using an
assay of sexualization. In this study, we isolated and characterized
four piwi homolog genes in D. ryukyuensis and observed expression
of these genes in germline cells. Based on the results of RNA interfer-
ence (RNAi) analysis, we suggest roles for Piwi proteins in germ cell
and genital organ formation.
Materials and methods
Animals
The OH strain of the planarian D. ryukyuensis, an asexual strain,
was provided by Dr. S. Ishida of Hirosaki University, Hirosaki, Japan.
The planarians were maintained at 20 °C in dechlorinated tap water
and fed chicken liver. The OH strain was completely sexualized
using the feeding procedure described by Kobayashi et al. (1999).
Identiﬁcation and cloning of Drpiwi genes
Three clones of genetic homologs to piwi – Drpiwi-1, Drpiwi-2, and
Drpiwi-3 – were selected from a D. ryukyuensis expressed sequence
tags (EST) database produced in our laboratory (Ishizuka et al.,
2007). Another piwi homolog gene, Drpiwi-4, was isolated with poly-
merase chain reaction (PCR) using primers based on the Djpiwi-1
sequence in D. japonica (Rossi et al., 2006): Drpiwi-4 forward, 5′-
GAAAATAAACCCCTCGAAATTG-3′ and reverse, 5′-TCAATTCTTGCTC-
TACGTCACT-3′.
The full-length sequences of the genes were obtained using 3′ and
5′ rapid ampliﬁcation of complementary DNA (cDNA) ends (RACE)
using a SMART™ RACE cDNA Ampliﬁcation Kit (Clontech, Mountain
View, CA, USA). Protein sequences were aligned using the Clustal X
program (Larkin et al., 2007), and the phylogenic tree was con-
structed using the MEGA4 program (Tamura et al., 2007).In situ hybridization and histological analysis
Whole-mount in situ hybridization (WISH) was carried out as de-
scribed elsewhere (Higuchi et al., 2008; Umesono et al., 1997).
Digoxigenin-labeled riboprobes were synthesized using an In Vitro
Transcription Kit (Roche Applied Science, Indianapolis, IN, USA).
In situ hybridization of tissue sections was performed as de-
scribed elsewhere (Kobayashi et al., 1998) with ﬁxative modiﬁed
as described below and Denhardt's solution added to the conven-
tional hybridization buffer. Recipients were treated with 2% (v/v)
hydrochloric acid in 20 mM 4-(2-hydroxyethyl)-1-piperazineetha-
nesulfonic acid (HEPES) buffered 5/8 with Holtfreter's solution
(pH 7.4) for 5 min at 4 °C. This solution was then replaced
with the ﬁxative (4% paraformaldehyde in 20 mM HEPES-
buffered 5/8 Holtfreter's solution, pH 7.4) for 12–16 h at 4 °C, dehy-
drated gradually through an ethanol series, cleared with xylene,
and embedded in Paraplast™ Plus (Sherwood Medical, St. Louis,
MO, USA). Transverse and sagittal 4-μm-thick sections were cut.
Sections were used for in situ hybridization or stained with hema-
toxylin and eosin.
X-ray irradiation
The planarians were exposed to 10 Gy of X-ray irradiation using
an ultrasoft X-ray generator SOFTEX E-3 (Softex Co., Ebina, Japan).
Reverse transcription polymerase chain reaction
Total RNA was isolated using Sepasol (Nacalai Tesque, Kyoto, Japan)
treated with DNase (Promega Corp., Madison,WI, USA) and transcribed
using a ReverTra Ace kit (Toyobo, Tokyo, Japan). PCR ampliﬁcation of
cDNA was performed using a set of speciﬁc oligonucleotide primers:
Drpiwi-1 forward, 5′-GCTATCATAGAGCCAACTTTGC-3′ and reverse,
5′-CAGCGATGACCGAATTTTCATTAAG-3′;Drpiwi-2 forward, 5′-GGAACTC-
GAGGTGGCCTACGTA-3′ and reverse, 5′-CGAGGTACTTCGTCCTTTGTTA-
3′; Drpiwi-3 forward, 5′-CGAAGTCGTGGGTTGTTAATGC-3′ and reverse,
5′-GAGTAGGATGTTCACGGCG-3′; and Drpiwi-4 forward, 5′-CGAGGCGG-
TTTACAAAAGCGTT-3′ and reverse, 5′-CCTCGTTGCAAAGTAGTTCCAA-3′.
Reverse transcription PCR (RT-PCR) for the GAPDH gene was also
performed as an internal ampliﬁcation control. Drpcna is a homolog
of Djpcna, which is present in proliferative and X-ray-sensitive cells
and corresponds to neoblasts (Orii et al., 2005). DrC_00456 was
obtained from the D. ryukyuensis EST database and used as a speciﬁc
marker for testicular germ cells (Ishizuka et al., 2007). The Dryg
gene is speciﬁcally expressed in the yolk gland (Hase et al., 2003).
RNAi gene silencing
RNAi feeding was carried out as described elsewhere (Newmark et
al., 2003; Reddien et al., 2005a). After 4 days of feeding, the animals
were again fed RNAi food, and their heads and tails were removed
the next day. After 8 days of regeneration, the animals were again
fed RNAi food and were amputated as described above.
To silence piwi function during sexualization, RNAi feeding
twice and amputations were carried out as described above. After
3–4 days, bacteria expressing double-stranded (dsRNA) and a homog-
enized B. brunnea mixture were fed every day for 8 weeks. We per-
formed Western blot analysis and RT-PCR to conﬁrm protein and
gene suppression. Control animals were fed RNAi food with enhanced
green ﬂuorescent protein dsRNA not found in planarians.
Western blot analysis
Monoclonal antibodies against DrPiwi-1 were produced against
the N-termini of DrPiwi-1 (200 amino acids). Planarians were ho-
mogenized in 150 volumes of 2× sample buffer (100 mM Tris–HCl
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threitol), boiled for 5 min, and centrifuged for 5 min. The supernatant
(5 μl) from each sample was loaded on gels. Western blotting was
performed as described elsewhere (Saito et al., 2006).
Immunohistochemistry
Recipients were treated with 2% (v/v) hydrochloric acid in the 5/
8 Holtfreter's solution buffered with 20 mM HEPES (pH 7.4) at 4 °C
for 5 min, which was then replaced with ﬁxative (4% paraformalde-
hyde and 30% ethanol) in the 5/8 Holtfreter's solution buffered with
20 mM HEPES (pH 7.4) at room temperature (RT) for 3 h. The proce-
dure after dehydration was the same as that used for the in situ hy-
bridization of tissue sections. The section slides were deparafﬁnated
in xylene and dehydrated through a graded ethanol series, rinsed in
phosphate-buffered saline (PBS), and incubated in blocking buffer
(10% goat serum in PBS) at RT for 30 min. Subsequently, the slides
were incubated in culture supernatants of anti-Drpiwi-1 mouse hy-
bridoma cells without dilution at 4 °C for 12–16 h and rinsed three
times in PBS containing 0.1% Triton X-100 at RT for 30 min. Slides
were incubated with Alexa Fluor® 488 conjugated goat anti-mouse
immunoglobulin G (diluted 1:400; Molecular Probes, Eugene, OR,
USA) at RT for 3 h and then rinsed three times in PBS containing
0.1% Triton X-100 at RT for 30 min. The slides were dipped in 1 μg/
mL Hoechst No. 33342 (Sigma, St. Louis, MO, USA) for counterstaining
of the nuclei, mounted, and observed under a Zeiss Axio Imager.M1
ﬂuorescence microscope (Zeiss, Göttingen, Germany).
Results
Identiﬁcation of D. ryukyuensis piwi homologs
The AGO/Piwi protein family contains the PAZ and PIWI domains
and plays a role in small non-coding RNA-mediated RNA silencing
involved in translational repression and mRNA degradation. To in-
vestigate whether Piwi proteins play a role in stem cell and germ
cell maintenance, we isolated four homologs of piwi genes from D.
ryukyuensis. Three candidate piwi genes, DrC_00933, DrC_01986,
and DrC_01486, were identiﬁed by searching the EST database for
sexualized planarians (http://planarian.bio.keio.ac.jp/index.html),
and full-length sequences for each gene were isolated using RACE.Fig. 1. Phylogenetic tree of Argonaute/Piwi proteins of different species. Piwi proteins of Du
blue lines. Dm, Drosophila melanogaster; Dj, D. japonica; SM, Schmidtea mediterranea. ProteiThe genes have high homology with smedwi-1, -2, and -3, respective-
ly, which are piwi genes of Schmidtea mediterranea (Palakodeti et al.,
2008; Reddien et al., 2005b). An additional piwi gene was obtained
by carrying out RT-PCR with primers designed based on Djpiwi-1
identiﬁed in D. japonica (Rossi et al., 2006) followed by RACE. The
homologs of smedwi-1, -2, and -3 (corresponding to DjpiwiA, B, and
C in D. japonica) were named Drpiwi-1, -2, and -3, respectively, and
the Djpiwi-1 homolog was named Drpiwi-4. Drpiwi-1 contains an
open reading frame coding for 804 amino acids (aa), Drpiwi-2 en-
codes 831 aa, Drpiwi-3 encodes 966 aa, and Drpiwi-4 encodes 817
aa. The genes include the conserved PAZ and PIWI domains charac-
teristic of AGO/Piwi family proteins (Fig. S1). A sequence comparison
with representative members of the AGO/Piwi family formed a phy-
logenetic tree (Fig. 1) demonstrating that the Drpiwi genes belong
nearer the Piwi subfamily present in germline cells than the AGO
subfamily showing ubiquitous expression. Drpiwi-1, -2, and -4 form
a clade independent of the piwi of planarians from the representative
Piwi subfamily. Drpiwi-3 has highest similarity to the Ago3 group in
Drosophila melanogaster.
Expression patterns of Drpiwi-1, -2, -3, and -4 in asexual planarians
The piwi genes of planarians have attracted attention owing to
their expression and function in stem cells (Palakodeti et al., 2008;
Reddien et al., 2005b; Rossi et al., 2006). To conﬁrm whether the
Drpiwi genes are also expressed in stem cells, WISH was performed
in asexual worms. Both Drpiwi-1 and Drpiwi-3 expression was exten-
sive posterior to the photoreceptor except in the pharynx, and
expression of Drpiwi-2 was strong in the entire body except the
pharynx (Fig. 2A–C). The cells in which Drpiwi-1, -2, and -3 were
expressedmay contain neoblasts, which are present in the parenchyma;
mesenchymal tissue excludes the nervous system, pharynx, and
gastro-vascular system. Drpiwi-4 was weakly expressed in ovarian
primordia (Fig. 2D).
It is well known that X-ray irradiation eliminates regenerative
ability by destroying neoblasts quickly and speciﬁcally (Baguñà et
al., 1989; Orii et al., 2005; Wolff and Dubois, 1948). We examined
changes in Drpiwi mRNA levels 2 and 4 days after irradiation
(Fig. 2E). The mRNA of Drpiwi-1 was quickly eliminated after irradi-
ation; thus, most Drpiwi-1 expression occurs in stem cells. Drpiwi-2
and Drpiwi-3 mRNA levels decreased substantially after irradiation,gesia ryukyuensis are in red. The branches of planarian Piwi proteins are indicated with
n sequences and accession numbers are available on request.
Fig. 2. Analysis of Drpiwi gene expression in the asexual planarian D. ryukyuensis (A–D). Dorsal view of whole-mount in situ hybridization in an intact planarian: (A) Drpiwi-1; (B)
Drpiwi-2; (C) Drpiwi-3; and (D) Drpiwi-4. Red arrowheads indicate expression in the ovarian primordia. Scale bars: 1 mm. (E) Expression levels of the Drpiwi genes Drpcna and
GAPDH examined using reverse transcriptase polymerase chain reaction (RT-PCR) after X-ray irradiation. (−), Not irradiated; 2 d, 2 days after irradiation; 4 d, 4 days after irradi-
ation. (F) Comparison of Drpiwi gene expression levels between asexual worms and sexualized worms examined using RT-PCR.
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these genes are mainly expressed in neoblasts and are also
expressed in X-ray-insensitive cells that are not mitotically active
stem cells. The mRNA level of Drpiwi-4 was unaffected by irradia-
tion; therefore, most Drpiwi-4 expression occurs in cells other
than neoblasts.
Piwi proteins and mRNA are present in germline cells in many
animals. Similarly, planarian piwi genes are expected to be
expressed not only in stem cells but also in germline cells derived
from stem cells. We performed comparative RT-PCR between asexual
and sexualized worms to examine whether piwi mRNA levels in-
creased with germline proliferation induced by sexualization.
Drpiwi-1, -2, and -3 expression levels did not change substantially
during sexualization because they were already highly expressed
in asexual worms. Although the expression level of Drpiwi-4 in
asexual worms was very low, as observed in WISH, it greatly in-
creased in the sexualized worms (see Fig. 2F).
Roles of Drpiwi-1, -2, -3, and -4 in asexual planarians
Because Drpiwi-1, -2, and -3 are expressed in stem cells, they were
expected to have important roles in regeneration and to be involved
in the maintenance or differentiation of stem cells. We examined
the effects of Drpiwi gene silencing using RNAi during regeneration
(Fig. 3). Asexual worms that ingested food containing dsRNA were
transversely amputated into three pieces at speciﬁc points along the
longitudinal axis of the anterior and posterior pharynx region, and
the middle section, including the pharynx was allowed to regenerate.
Although Drpiwi-1 was expressed in the neoblasts, RNAi-mediated
knockdown of Drpiwi-1 or Drpiwi-1(RNAi) did not affect regeneration,
even when the worm was amputated a second time (see Fig. 3B, G).
Drpiwi-2(RNAi) worms were incapable of regeneration and diedFig. 3. Analysis of Drpiwi gene function in asexual worms. Phenotypes of Drpiwi gene RNA
6 days after the second amputation. (A, F) Control; (B, G) Drpiwi-1; (C) Drpiwi-2; (D, H) Dr(see Fig. 3C). Drpiwi-3(RNAi)worms regenerated after the ﬁrst ampu-
tation but were unable to regenerate after a second feeding of dsRNA
foods and subsequent amputation and died. Drpiwi-4(RNAi) did not
affect regeneration. Drpiwi-2(RNAi) and Drpiwi-3(RNAi) worms lost
regeneration ability, ventral curling, and lysis phenotypes and were
reminiscent of the phenotype induced by stem cell elimination
through X-ray irradiation.
Expression of Drpiwi-1 in germline cells of sexualized planarians
Although expression levels determined using RT-PCR did not
change during sexualization on the surface, WISH of mature sexual-
ized worms revealed expression of Drpiwi-1 in the ovaries and testes
as well as in stem cells in the entire body (Fig. S2B, C). Consequently,
in situ hybridization of tissue sections was performed to observe lo-
calization of Drpiwi-1 mRNA in the testes and ovaries in more detail
(see Fig. 4). In D. ryukyuensis, the ovaries are ventral and the testes
are dorsal (see Fig. 4A, B, D); both structures are germline cell masses.
In early stages of differentiation, the germline cells are located on the
periphery of the gonads and the gametes, whereas differentiated
germ cells are inside the gonads (Hyman, 1951). In the ovaries, the
most peripheral oogonium-like cells outside an ovarian mass may
be early oogonia or a proliferation of GSCs (see Fig. 4C). Similarly, in
the testes, the spermatogonia and spermatocytes are observed in
the periphery (see Fig. 4E).
Drpiwi-1 mRNA was expressed in the cytoplasm of germline cells.
The level of expression of Drpiwi-n the more peripheral cells of the
ovaries (early oogonia or proliferated GSCs) was higher than that in
the oogonia or oocytes (Fig. 4F,G). In the testes, Drpiwi-1 was
expressed as expected in the spermatogonia; expression signals
were not detected in the spermatids or sperm inside the testes
(Fig. 4H,I).interference after regeneration. (A–E) One week after the ﬁrst amputation and (F–I)
piwi-3; and (E, I) Drpiwi-4. Scale bars: 1 mm.
Fig. 4. Histological analysis of Drpiwi-1 expression in germline cells. (A) Scheme of a sagittal section of a sexualized planarian: e, eye; ov, ovary; ph, pharynx; te, testis. (B–E)
Hematoxylin and eosin stain. (F–I) In situ hybridization of a sagittal section for Drpiwi-1. (B, F) Region around the ovaries; (C, G) higher magniﬁcation in the black box in (B)
and (F). (D, H) Region around the testes; (E, I) higher magniﬁcation in the black box in (D) and (H). Different stage cells in the gonads are divided by color lines. eo, early
oogonia; og, oogonia; oc, oocytes; sg, spermatogonia; sc, spermatocyte; st, spermatid; sp, sperms; asterisks, testes. Scale bars: 100 μm.
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Before this study, the involvement of planarian Piwi in germline
formation had not been demonstrated. It was expected, however,
that the function of Piwi in germline formation could be clariﬁed by
performing RNAi with the assay system for sexualization. To test
whether Drpiwi genes are required for germline differentiation, we
performed RNAi on Drpiwi-1. RNAi was started from asexual worms,
the animals were amputated once and were regenerated after feeding
RNAi food twice, and then knockdown with sexualization was per-
formed (Fig. 5A). DrPiwi-1 protein was almost lost 15 days afterFig. 5. Analysis of Drpiwi gene function in sexualization. (A) Scheme of an experimental sch
DrPiwi-1 proteins decreased by RNAi. (C–J) Hematoxylin and eosin staining of sagittal secti
RNA feeding. (C–F) Drpiwi-1(RNAi)worm and (G–J) EGFP(RNAi) control worm. (C, G) Region
(E, I) region around the testes; and (F, J) copulatory apparatus. Filled circle, early oogonia;
100 μm. (K) Comparative reverse transcriptase polymerase chain reaction between the cont
for the yolk glands.RNAi initiation (10 days after amputation) before starting sexualiza-
tion (see Fig. 5B). As a result, Drpiwi-1(RNAi)worms failed to develop
germline sexual organs (see Fig. 5C–F). The testes did not develop,
and neither primordial nor immature testes were observed (see
Fig. 5E). Signiﬁcantly smaller ovaries were formed than normal (see
Fig. 5C, D); however, oogonia proliferation and oocyte differentiation
occurred. Two or more pairs of ovaries (ectopic ovaries) often form in
mature sexualized worms (Sakurai, 1981; Kobayashi and Hoshi,
2011), but this phenomenon was not observed in Drpiwi-1(RNAi)
worms. Because the shape and size of the oogonia and oocytes were
normal, the number of ovarian germline cells apparently decreased.edule of RNA interference (RNAi) with sexualization. (B) Western blot analysis showed
ons of the phenotypes eight weeks after initiating sexualization with double-stranded
around the ovaries; (D, H) higher magniﬁcation view in the black boxes in (C) and (G);
open circles, oogonia; double circles, oocytes; open triangles, yolk glands. Scale bars,
rol and Djpiwi-1(RNAi). DrC_00456, speciﬁc marker for the testes; Dryg, speciﬁc marker
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yolk glands) were morphologically normal (see Fig. 4D, F). RT-PCR
analysis using previously reported molecular markers (see Fig. 4K)
indicated completely eliminated expression of DrC_00456, a homo-
logue of DeY1 in a speciﬁc marker for the testes (Ishizuka et al.,
2007; Salvetti et al., 2002), whereas Dryg, a yolk gland marker, was
expressed normally (Hase et al., 2003).
Localization of DrPiwi-1 protein in stem cells and germline cells
As described above, the Piwi subfamily proteins involved in germ
cell formation are speciﬁcally present in germline cells. We examined
the localization of DrPiwi-1 where DrPiwi-1 functions as a protein.
Expression of DrPiwi-1 proteins in germline cells and prospective
stem cells was observed through immunohistochemistry of preparedFig. 6. Localization of DrPiwi-1 protein in sexualized worms. (A–C) Region around the ovari
the testes; (J–L) higher magniﬁcation of the area in the white box in (R); (M–O) midline reg
J, M, P) nuclei in cyan; (B, E, H, K, N, Q) DrPiwi-1 protein in magenta; (C, F, I, L, O, R) mergparafﬁn sections. In the region of the ovaries, oogonium-like cells at
the periphery of the ovary, small ectopic ovaries, and the oogonia
were strongly positive for DrPiwi-1 (Fig. 6A–F). Expression signals
were observed in the oocytes and became weaker toward the top
center of the ovary. In mature sexualized worms, proliferation of
oogonium-like small cells was extensively observed ventral from
the ovaries toward the tail; these cells were strongly DrPiwi-1 positive.
In the testes, spermatogonia and spermatocytes were stained with
anti-DrPiwi-1 antibody, but expression signals were not observed in
the spermatids or sperm present in the late stage of spermatogenesis
(see Fig. 6G–L).
Moreover, DrPiwi-1 proteins were observed in the small, round,
and scanty cytoplasm cells that aggregated in the dorsal midline
region and were scattered in the parenchyma (see Fig. 6M–R).
These DrPiwi-1-positive cells appeared to be stem cells such ases; (D–F) higher magniﬁcation of the area in the white box in (C); (G–I) region around
ion; (P–R) higher magniﬁcation view of the dorsal area in the white box in (O). (A, D, G,
e. Scale bars, 100 μm.
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are thought to be present in these regions (Hay and Coward,
1975; Newmark and Sánchez Alvarado, 2000). DrPiwi-1-positive
cells were not observed in the somatic genital organs, consistent
with the phenotype in the lack of expression of Drpiwi-1 mRNA.
Expression and function of Drpiwi-4 during sexualization
As the expression level of Drpiwi-4, which increased by sexuali-
zation, it was expected to be involved in germ cell formation.
Drpiwi-4 was expressed in the ovarian primordia of the asexual
worm as well as in germline cells during the sexualization process.
Drpiwi-4 expression signals were detected speciﬁcally using WISH
of the ovaries and testes (Fig. 7A, B). Although Drpiwi-4 expression
was extremely weak, in situ hybridization of tissue sections
showed that expression in the oogonia was slightly stronger than
that in the peripheral oogonium-like cells of the ovaries; expres-
sion signals were not identiﬁed in the oocytes (Fig. 7C, D). In the
testes, Drpiwi-4 was expressed in the spermatogonia and sper-
matocytes (Fig. 7E, F). Drpiwi-4(RNAi) worms formed all sexual or-
gans, however, and were able to lay cocoons and hatch normal
offspring; there was no phenotype of Drpiwi-4(RNAi) during sexua-
lization (data not shown). Thus, Drpiwi-4(RNAi) did not appear to
affect sexualization.
Expression patterns of Drpiwi-2, -3 in germline cells
As with Drpiwi-1, Drpiwi-2 and -3 expression seemed to be
detected in the ovaries and testes with WISH of mature sexualized
worms (Fig. S2). Drpiwi-2 was strongly expressed in the more pe-
ripheral cells of the ovaries and oogonia, but expression was
weaker in the oocytes (Fig. 8A, B). In the testes, Drpiwi-2 was
expressed in more cell types than those expressing Drpiwi-1 – in
the spermatocytes as well as the spermatogonia – whereas similar
to Drpiwi-1 expression, Drpiwi-2 expression signals were not
detected in the spermatids or sperm (Fig. 8C, D). Drpiwi-3 expres-
sion was observed in the periphery of the ovaries in GSCs and
oogonia (Fig. 8E, F) and in the spermatogonia of the testes, as
expected (Fig. 8G, H). These results conﬁrm that piwi genes in pla-
narians exist not only in stem cells but also in germline cells, as
they do in many animals. We were interested in determining the
functions of these genes in germ cell formation, but RNAi with sex-
ualization could be not performed because the inhibition of Drpiwi-2
and -3 is lethal.Fig. 7. Expression analysis of Drpiwi-4 in germline cells. (A, B) Drpiwi-4 expression in sexual
Expression in ovaries indicated by white arrowheads. White boxes indicate expression in t
Region around the ovaries; (D) higher magniﬁcation of the area in the black box in (C). (E)
Scale bars: 100 μm.Discussion
Drpiwi-1, -2, and -3 are expressed in stem cells and are essential for
regeneration, as in related planarians
AGO/Piwi family proteins are believed to have important roles in
evolutionarily conserved stem cell systems (Carmell et al., 2002).
Stem cells are reportedly eliminated by a deﬁcit in the AGO/Piwi
family of proteins (Cox et al., 1998; Moussian et al., 1998), and
these proteins are essential to regeneration in planarians (Palako-
deti et al., 2008; Reddien et al., 2005b). In this study, four piwi ho-
mologs were identiﬁed in D. ryukyuensis, the phylogenic tree of
which suggests that Drpiwi-3 may have a common ancestral Piwi
with AGO3 or other Piwi-subfamily proteins. In contrast, Drpiwi-1,
-2, and -4 may have been newly acquired during the evolution of
Platyhelminthes or planarians and may be important in the repro-
ductive mode or function of stem cells only in planarians. mRNA ex-
pression and X-ray sensitivity of the expression cells indicated that
Drpiwi-1 was expressed only in neoblasts, and Drpiwi-2 and -3
were mainly expressed in neoblasts. Drpiwi-2, -3, and -4 were also
expressed in X-ray insensitive cells, however. Recent research sug-
gests that planarian stem cells are not homogeneous and that sub-
populations exist, including actively proliferating, slow-cycling, and
committed stem cells (Higuchi et al., 2007; Shibata et al., 2010). Dif-
ferences in the X-ray sensitivity of these cell populations are appar-
ent, and Drpiwi-2, -3, and -4 may be expressed in several different
types of stem cells and differentiated cells.
Drpiwi-2 and -3(RNAi) worms displayed lethality and deﬁcits in
regeneration; thus, Drpiwi-2 and -3 are clearly important for the
regeneration and maintenance of homeostasis. These phenotypes
were similar to phenotypes in which stem cells have been dam-
aged by X-ray irradiation, which indicates that the stem cell loss
was due to Drpiwi-2 and -3(RNAi). These results are consistent
with the expression patterns and phenotypes of RNAi reported
for regeneration in S. mediterranea (Palakodeti et al., 2008; Reddien
et al., 2005b), which suggests that Drpiwi-1, -2, and -3 are orthologs
of Smedwi-1, -2, and -3, respectively, and that the presence and func-
tion of Piwi proteins are conserved in many planarian species.
The sequence of Drpiwi-4 is almost identical to that of Djpiwi-1,
but their expression patterns and RNAi phenotypes were inconsistent.
Djpiwi-1 is expressed in X-ray-sensitive cells that are subpopulations
of stem cells, whereas Drpiwi-4 is primarily expressed in X-ray-
insensitive cells that are nonproliferation cells. In addition, no regen-
eration phenotypes owing to RNAi in Drpiwi-4 occurred. Thus, theized worms by whole-mount in situ hybridization: (A) ventral views; (B) dorsal views.
estes. Scale bar: 1 mm. (C–F) In situ hybridization of a sagittal section for Drpiwi-4. (C)
Region around the testes; (F) higher magniﬁcation of the area in the black box in (E).
Fig. 8. Histological analysis of Drpiwi-2 and -3 expression in germline cells. In situ hybridization of a sagittal section for (A–D) Drpiwi-2 and (E–H) Drpiwi-3. (A, E) Region around the
ovaries; (B, F) higher magniﬁcation of the area in the black box in (A) and (E). (C, G) Region around the testes; (D, H) higher magniﬁcation of the area in the black box in (C) and
(G). Scale bars: 100 μm.
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of Djpiwi-1. A Drpiwi-4 homolog does not exist in the S. mediterranea
genome; it was likely acquired in an ancestor of Dugesia or a related
species and subsequently became diversiﬁed.
Drpiwi-1 has a distinct and important role in germ cell formation
In addition to those in Drosophila, Piwi homologs in zebraﬁsh and
mice are found within germline cells and are involved in germline
stem cell formation or maintenance; functional deﬁcits in these
genes cause abnormal gametogenesis and sterility (Batista et al.,
2008; Carmell et al., 2007; Deng and Lin, 2002; Harris andMacdonald,
2001; Houwing et al., 2007; Kuramochi-Miyagawa et al., 2004; Lin
and Spradling, 1997; Wang and Reinke, 2008). This evidence suggests
that Piwi subfamily proteins are essential for germline cell regulation
and that this function is conserved in diverse metazoans. Therefore,
our aim was to identify Piwi functions in planarians as well, particu-
larly with respect to the formation of germ cells and sexual organs.
In this study, we focused on the expression and function of piwi
genes speciﬁcally in germ cell formation in D. ryukyuensis using a sex-
ualization assay system with histological observation. The results
demonstrated that all four Drpiwi genes were expressed in germline
cells. In particular, Drpiwi-1 demonstrated involvement in germ cell
development by RNAi in sexualization. Knockdown of Drpiwi-1 did
not inﬂuence regeneration or somatic genital organs; however, it spe-
ciﬁcally affected germline genital organ formation. Recent studies
have found that nanos is expressed in the cell mass of the prospective
region in which the ovaries and testes are formed, called primordial
ovaries and testes; these nanos-positive cells are presumed to be
GSCs (Handberg-Thorsager and Saló, 2007; Sato et al., 2006; Wang
et al., 2006; Nakagawa et al., 2011). In D. ryukyuensis, primordial tes-
tes are difﬁcult to observe in asexual worms, but they become observ-
able during sexualization, and ultimately the testes are formed. In the
present study, formation of primordial testes could not be seen dur-
ing sexualization after knockdown of Drpiwi-1, suggesting that
Drpiwi-1 is involved in the maintenance of GSCs or the stage at
which these cells differentiate from neoblasts during spermatogene-
sis. In the ovaries, the oogonia and oocytes had normal shapes and
sizes, but the ovaries were small and the number of cells in the ova-
ries was greatly reduced. Because ovarian primordia originally
existed in the asexual worms of D. ryukyuensis, the ovaries were not
eliminated by Drpiwi-1(RNAi), but the number of GSCs substantially
decreased without affecting oogenesis. Although its phenotypes and
functions should be examined in greater detail, Drpiwi-1 is expressed
in early germline cells, including spermatogonia, oogonia, and the
cells of primordial ovaries (Fig. S3), and this expression becomesweaker as the cells develop. These results support conclusions based
on Drpiwi-1 functional analysis that it is required for regulation of
GSCs in the early stages of germ cell formation in both the ovaries
and the testes.
Moreover, the somatic genital organs, the copulatory apparatus
and yolk glands, began formation at the same stage of sexualization,
and their formation was completed morphologically correctly, even
with Drpiwi-1(RNAi). Because genital organ formation occurs in a
ﬁxed order during sexualization, it has been thought that all process-
es of sexualization are successive phenomena. Differentiation of the
somatic and germline genital organs induced by sexualization may
occur through separate pathways unrelated to Drpiwi-1 or those me-
diated by Drpiwi-1, however.
Regardless of the mechanism of differentiation, formation of the
copulatory apparatus and yolk glands induced by continuous feeding
of sexualization food. In the switching of the reproductive mode from
asexual to sexual under natural conditions, the possibility that the
ovaries and testes induce the formation of the copulatory apparatus
and yolk glands cannot be denied; however, Drpiwi-1 would not be
involved in that process. When Drpiwi-1(RNAi)-sexualized worms
lacking the testes were kept continuously with usual food (e.g., chick-
en liver), most individuals returned to asexual reproduction involving
repeated ﬁssion and regeneration (data not shown). At a minimum,
we propose that the formation of the testes is required for complete
switching to sexual reproduction.
DrPiwi-1 proteins were observed in the cytoplasm of stem cells
and germline cells. This association strongly suggests that DrPiwi-1
is required for the process of germline formation from stem cells, as
DrPiwi-1 was not observed in the somatic genital organs. In addition,
DrPiwi-1 acts in an early stage of germline formation, because its ex-
pression weakened or disappeared in the late-stage cells of the germ-
line, consistent with mRNA results. Furthermore, DrPiwi-1 proteins
were present throughout a substantial portion of the ventral area,
from the ovaries toward the tail, whereas oogonia-like small cells
were present but the ovary was not observable. DrPiwi-1 is also
expected to act during the early stage of formation of two or more
ovaries in sexualization, which may be why ectopic ovaries were
not formed after Drpiwi-1 knockdown, but formation of a very small
pair of ovaries was observed.
Piwi subfamily proteins expressed in the germlines of various
organisms are nearly all localized in the nuage (germinal granule
and polar granule) – i.e., in the proximity of the nuclei (Megosh
et al., 2006; Saffman and Lasko, 1999) – and are involved in epige-
netic regulation of RNA components that accumulate there (Chuma
et al., 2009; Eddy, 1975). The neoblast contains chromatoid bodies
that have a structure similar to that of the nuage and are believed
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(Auladell et al., 1993; Hori, 1982; Rouhara et al., 2010). It has
been reported that chromatoid bodies are also found in the germ-
line cells of planarians (Teshirogi and Ishida, 1987), but the molec-
ular details are poorly understood. Recently, it was reported that
DjCBC-1 and Spoltud-1, which are believed to be components of
the nuage, were localized in structures that appear to be chromatoid
bodies (Solana et al., 2009; Yoshida-Kawashima et al., 2007). More-
over, DrPiwi-1 was present throughout the cytoplasm containing
the chromatoid bodies in the present study. These results suggest
the presence of a post-transcriptional regulation system for germ-
line formation in planarians and its evolutionary conservation.
Drpiwi mRNAs are expressed in both stem cells and germline cells
Several observations in the asexual worms had much in common
with those in piwi research on planarians of other species, which in-
dicates that expression and function of piwi genes in germline cells
are not speciﬁc to D. ryukyuensis and are conserved in many planarian
species. The functions of Drpiwi genes other than Drpiwi-1 in germ
cell formation were not clariﬁed in this study, however. Drpiwi-4
was the most speciﬁcally expressed in germline cells and was
expected to have an important role in germ cell formation. Drpiwi-4
(RNAi) did not affect sexualization, however; all of the genital organs
formed normally, and the worms produced offspring by mating (data
not shown). Although we do not know why a differing phenotype
was not obtained, the function of Drpiwi-4 is likely related to germ
cell formation. Drpiwi-2 and -3 were both strongly expressed in
germline cells; their functions are of great interest, but it was impos-
sible to examine them using the existing procedure because they are
essential for maintaining homeostasis and knockdown was expected
to be lethal during sexualization. The functions of Drpiwi-2 and -3
will not be only in regeneration. Germ cell formation can be restated
as the arrest of cell proliferation; thus, Drpiwi-2 and -3 may be
involved in the regulation of cells with proliferation capacity,
such as germline stem cell division or differentiation.
Ours is the ﬁrst novel report to show clearly that the piwi
homologs of planarians are expressed in germline cells. Hereafter, we
expect that the function of these piwi homologs will also be clariﬁed.
Conclusion
The cells in which Drpiwi-1 and its homologs smedwi-1 and Djpi-
wiA are expressed have the common characteristics of neoblasts and
have recently come into frequent use as “neoblast markers”. Their
true functions have not been elucidated in any planarian species. In
this study, we examined piwi gene function in a planarian during
germline cell develop. Our results indicate that planarian Piwi is es-
sential for stem cell regulation and germ cell formation, as in many
metazoan animals. Piwi-regulated systems could be useful in main-
taining the pluripotency of neoblasts or the totipotency of germ
cells. In the future, the molecular mechanisms of DrPiwi proteins,
Piwi-interacting (piRNA) and DrPiwi-interaction proteins, piRNA syn-
thesis, and the target silenced by the DrPiwi-piRNA complex should
be further elucidated.
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ydbio.2011.10.014.
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